It has been known for many years that during filamentation of femtosecond light pulses in air, gain is observed on the B to X transition in N þ 2 . While the gain mechanism remains unclear, it has been proposed that recollision, a process that is fundamental to much of strong field science, is critical for establishing gain. We probe this hypothesis by directly comparing the influence of the ellipticity of the pump light on gain in air filaments. Then, we decouple filamentation from gain by measuring the gain in a thin gas jet that we also use for high harmonic generation. The latter allows us to compare the dependence of the gain on the ellipticity of the pump with the dependence of the high harmonic signal on the ellipticity of the fundamental. We find that gain and harmonic generation have very different behavior in both filaments and in the jet. In fact, in a jet we even measure gain with circular polarization. Thus, we establish that recollision does not play a significant role in creating the inversion.
Light filamentation [1] [2] [3] results from the interplay between Kerr-induced self-focusing and plasma defocusing that contribute to the refractive index profile with opposite signs. The light intensity in a single filament is clamped by this balance at a value of ∼5 × 10 13 W cm −2 independent of the input energy and beam profile [3, 4] . The filament is accompanied by a variety of emissions, with on axis components at frequencies covering a wide range from terahertz to harmonics of the fundamental beam [3] . The directional emissions observed from the neutral nitrogen molecule [5] [6] [7] [8] [9] [10] and the nitrogen molecular cation [10] [11] [12] [13] [14] [15] [16] [17] , known as "air lasing," are of particular interest for remote sensing.
Conventional air lasing combines self-focusing of a short, high power laser pulse with an optical breakdown of air molecules. As the lasing medium is pumped, the frequency of the pump beam changes, and the duration of the pump pulse varies with time in a complex manner [18] [19] [20] . In addition, the spatial profile of the pump beam is time dependent, and if the polarization is not exactly linear, the polarization of the pump beam is also time dependent [21, 22] . While the pumping mechanism for the gain is not yet well understood, even under these conditions, the gain on the B 2 Σ þ u to X 2 Σ þ g transitions in N þ 2 seems to be reproducible. Thus, multiphoton ionization provides a robust, probably general pumping mechanism that is important to understand.
Recollision is one of the most unique characteristics of multiphoton ionization, and it is known to be important in N 2 double ionization [23, 24] . The large inelastic scattering cross section of low energy electrons leading to transitions [25] has led to suggestions that recollision could play a role in creating the inversion. In this proposed mechanism, gain is created by recolliding electrons that excite the parent ion [15] .
We begin by applying a semiclassical recollision model often used in strong field calculations, together with published excitation cross sections [25] , to predict the role of recollision in transferring population to the vibrational states of the
Then, we experimentally determine the ellipticity dependence of gain on the
transition at 428 nm during filamentation in room air, using the near 428 nm continuum generated in the filament as a seed pulse. While the gain disappears for circular polarization, significant gain remains until very near circular. Next, we eliminate the complexity of the filament by producing gain in the same gas jet that we use for high-harmonic generation. This enables us to directly compare the ellipticity of the high harmonics in N 2 with the gain on the
Even under these highly controlled conditions, we do not find any evidence of sharp ellipticity dependence of the gain that characterizes other recollision events.
To set the stage for our measurements, we confirm the contribution of recollision to gain by following classical recollision trajectories while ignoring the Coulomb field [26] . The kinetic energy at the time of recollision is shown in Fig. 1 as a function of birth phase using a wavelength of 800 nm and intensity of 7 × 10 13 W cm −2 . Figure 1 also shows the population transfer from N
2Þ from recollision determined using the energy-dependent cross section and electron wave function spread. The [28, 29] and we might expect it to yield a similar enhancement to the N þ 2 gain. Therefore, these results suggest that recollision can participate in establishing gain, although it is unlikely to be the dominant mechanism.
To search for evidence of recollision experimentally, we follow the common strong field procedure of adding ellipticity to the generating laser. Elliptically polarized light prevents electron trajectories from returning to the parent ion, which greatly reduces the overlap of the spreading electron wave function and the ion, thereby removing the contribution of recollision. We first measure the ellipticity dependence of the gain in atmospheric air and expand on previous experiments [10, 13, 15, 30] . As depicted in Fig. 2(a) for the unfocused beam, a quarter wave plate is used to control the ellipticity of a femtosecond laser (800 nm, ∼25 fs, ∼3.3 mJ), while a polarizer is used to determine the polarization state. A measurement of the unfocused beam is presented in Fig. 2(c) . The color scale is the normalized transmission of the 800 nm beam through the polarizer. The ellipticity is deduced from the data in each horizontal row using the Jones matrix representation of polarization [31] . The zero point on the vertical and horizontal axes corresponds to the creation and transmission of horizontal polarization, respectively.
To study the gain, we add a 30 cm focal length lens after the quarter wave plate to focus the beam in ambient air and create a plasma channel. The resulting plasma emission is typically accompanied with a continuum generated from self-phase modulation and pulse self-steepening in addition to molecular emissions. The continuum that overlaps the gain lines serves as a probe. The conical emissions terminate on an aperture, and the center of the beam travels through the polarizer. A fiber spectrometer with ∼0.4 nm resolution analyzes the transmitted light. Figure 2 (b) shows a diagram of this experiment. We observe emissions from N
We measure the polarization characteristics of the on axis plasma emissions using the same approach as the unfocused beam. The color scale in Fig. 2(d) represents the intensity at 428 nm transmitted through the polarizer. The figure shows that there is a polarizer angle that yields no transmission for every ellipticity (QWP Angle); therefore, the emission is always linearly polarized. Furthermore, the orientation of the linearly polarized 428 nm emission follows the major axis of the ellipse of the pump beam. Note that the polarization rotates more than it did for the unfocused beam due to nonlinear polarization rotation [21, 31] . We observe identical features for the other available emission lines, but they suffer from too much (471 nm) or too little (391 nm) continuum. Figure 2 (d) also shows that the intensity is maximum with an elliptical input polarization at a quarter wave plate angle of ∼18 degrees, which is consistent with similar observations [15, 30] . The intensity of the emission is Kinetic energy at re-collision (eV)
via recollision using linear polarization at 800 nm and 7 × 10 13 W cm −2 . The kinetic energy at the time of recollision (also shown) is calculated using the classical electron trajectories and the electron wave function expansion is estimated in the absence of the Coulomb potential. Inelastic scattering cross sections [25] are used to calculate the population transfer. determined by the gain and the continuum available to seed it, so it is important to consider the continuum in this context. Continuum generation strongly depends on laser ellipticity [32] and will influence the emission if the gain is not saturated. The continuum is highlighted in Fig. 3(a) , where the spectrum is separated into three regions: the ion emission at 428 nm, continuum next to the ion emission (431-455 nm), and continuum far from the ion emission (479-531 nm). The integrated intensity in these three regions is shown in Fig. 3(b) as a function of the ellipticity of the unfocused beam. The 428 nm emission shows increased intensity for a nonzero ellipticity similar to Fig. 2(d) . The nearby continuum also shows an enhancement, but the farther continuum does not.
We assume that the continuum next to the ion emission behaves like the seed for the gain (i.e., the continuum at 428 nm that is amplified); therefore, we divide the integrated intensity at 428 nm by the nearby continuum to obtain a quantity proportional to e gL − 1, which depends on the gain g and the plasma length L. It is maximum at an ellipticity of ∼0.45 in Fig. 3(b) . The results for 391 nm and 471 nm show similar behavior. We use a range of focusing conditions (F number ¼ 4 to 40) to vary plasma length and formation [33] , and a range of pulse widths (25 to 200 fs) to vary the significance of the alignment dynamics on N 2 and O 2 in the air [31] . The ellipticity at maximum gain depends on focusing geometry and pulse width but we always observe a strong gain that is enhanced for small ellipticity (0.2-0.5) and then falls off with increasing ellipticity. This suggests that there is a fundamental reason for the enhancement at nonzero ellipticity that is not influenced by filamentation dynamics and the mechanism of linear and nonlinear focusing [33] . Therefore, we remove the complexity of filamentation by focusing in vacuum into a narrow supersonic gas jet. This allows us to make a one-to-one comparison between the ellipticity dependence of gain and high-harmonic signal strength [27] .
The pulsed gas jet has a 250 μm wide opening and a ∼7 atmosphere backing pressure of nitrogen. The nozzle is located ∼200 μm upstream from the laser focus in vacuum. The pump pulse (800 nm, ∼32 fs, ∼2.5 mJ) creates a plasma channel in the expanding jet that is centered at the laser focus. We measure no significant spatial or spectral distortion of the pump pulse, so we use an external probe to seed the gain. The most readily available seed is the second harmonic of the pump, so a weak portion of the 800 nm beam is separated, frequency-doubled, delayed, and recombined collinearly to act as a seed for the gain at 391 nm. The probe pulse is always linearly polarized and sufficiently weak to measure the small-signal gain. A half and quarter wave plate control the ellipticity and orientation of the pump beam, which are calibrated near the focus. The experiment is illustrated in Fig. 4(a) .
The delayed probe passes through the plasma where the pump-induced gain amplifies the spectrum at 391 nm. The bandwidth of the frequency-doubled seed does not cover 428 nm, so it is not amplified. The probe beam is refocused onto the fiber spectrometer to monitor the amplification as a function of delay, which shows a rapid decay often modulated by structures centered at the quarter and half rotational revivals. It encodes information about the rotational wave packets launched by the pump in the
states [34] . These modulations will be the subject of a future publication and are similar to those reported in a gas cell [35, 36] . In the absence of the seed, no ion emission is measured. Figure 4(b) shows the externally-seeded gain as a function of pump ellipticity at two delays and a pump intensity of ∼7 × 10 14 W cm −2 . A significant gain is measured for all ellipticities, even circular polarization, and there is a slight enhancement at intermediate ellipticities, similar to what is observed in air.
Next we broaden the seed spectrum using self-phase modulation in fused silica to cover both 391 and 428 nm. Fig. 3(a) , and 428 nm intensity divided by the continuum next to the emission (∝ e gL − 1) showing that the gain is maximum at an ellipticity of ∼0.45.
The resulting ellipticity dependence of the normalized externally-seeded gain is shown in Fig. 4(c) for both lines at a pump intensity of ∼4.5 × 10 14 W cm −2 and a delay of ∼0.45 ps. The gain at 428 nm is ∼40% of the gain at 391 nm using this pump intensity and linear polarization. Gain is available for all pump ellipticities, including circular, for both lines. The overall shape of the ellipticity dependence of gain at 391 nm depends on pump pulse and gas jet parameters [see Figs. 4(b) and 4(c)], as does the time dependence, but gain using a circularly polarized pump was observed at intensities down to ∼9 × 10 13 W cm −2 despite the short gain length.
These results contrast with high harmonic generation, which has a sharp ellipticity dependence for atoms and simple molecules like N 2 . Increasing ellipticity first reduces and then eliminates recollision. As a result, there is a rapid decrease in harmonic efficiency with ellipticity [37] . To demonstrate this under conditions identical to that of the gain studied in Fig. 4(c) , we generate harmonics in the focus of the pump beam and measure their intensity using an inline XUV spectrometer, which also allows us to calibrate the pump intensity using the high harmonic cutoff law. The intensity of the harmonics (H11-H21) as a function of ellipticity is also shown on Fig. 4(c) . Ellipticity of ∼0.15 strongly reduces the harmonic emission, but there is no indication of a sharp reduction to the N þ 2 gain. There is only one way to interpret Fig. 4(c) . Recollision does not contribute significantly to establishing the gain. Other mechanisms must be responsible.
In conclusion, we note that strong-field atomic, molecular, and optical physics experiments show that multiphoton ionization has three mechanisms for populating excited states of the ion. First, during ionization, both the ground and excited states can be directly populated [38] [39] [40] . Studies of D 2 [39] and HCl [38] indicate that this direct population can be on the order of a few percent depending on the energy level separation. While there is no quantitative experiment, nor theory, for N 2 ionization, high harmonics experiments demonstrate that some population is directly transferred to the B 2 Σ þ u state upon strong field ionization of N 2 [41] . The total population transfer to the excited state of N þ 2 during ionization could exceed 17% by extrapolating the predicted excitation rates for D 2 ionization [39] .
Inelastic scattering due to recollision is the second established mechanism [42] . We have shown that this does not contribute in the case of N þ 2 . A third mechanism is the direct population of Rydberg states that rapidly recombine [43, 44] . The rapid rise and slow decay of the gain [15, 35, 36] seem to argue against this mechanism.
Finally, we note that population transfer can occur between electronic levels during the interaction of the newly created ion with the remainder of the pump pulse [45, 46] . This mechanism does not contribute to recollision. However, the experimental procedure that we have introduced of using short gas jets to isolate gain from filamentation will allow us to test the importance of the post ionization part of the pulse by tuning the pump pulse intensity, duration, or frequency, and will be a valuable tool for understanding the gain.
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